Based on the space alternating generalized expectation maximization (SAGE) 
Introduction
Orthogonal frequency division multiplexing (OFDM) has aroused great attention worldwide as a promising multicarrier transmission technique for the broadband wireless communication systems, which provides an efficient way to deal with multipath and frequency selective fading without complex equalization [1] [2] [3] [4] . Due to its significant advantages, OFDM has been applied in many OFDM-based transmission standards, such as the digital audio broadcasting (DAB), digital video broadcasting (DVB), worldwide interoperability for microwave access (WiMAX) and high-speed wireless broadband local area networks (WLAN). However, OFDM system is very sensitive to the frequency offsets. In the high-mobility environment, channel variation during one OFDM symbol leads to the loss of orthogonality among subcarriers, which results in the inter-carrier interference (ICI) in proportion to the Doppler frequency shift and degrades system performance. This problem is even worse in highly mobile environments, due to the fast channel variations within one OFDM symbol and large Doppler frequency shift. Many approaches for ICI reduction have been proposed; however, most of which have high computational complexity or low bandwidth efficiency. The classical linear ICI reduction techniques, such as the zero-forcing (ZF) and minimum mean-squared error (MMSE) schemes [5, 6] , can effectively reduce ICI through the matrix inversion; however, the operation of the matrix inversion involves huge computational complexity for large symbol lengths, and what is more, the system performance is limited under large Doppler frequency in a rapidly time-varying channel. In [7] , a simplified ZF scheme is proposed, under the condition of the linear variation for channel impulse response (CIR) within the duration of one OFDM symbol; however, the condition can't be satisfied in high-mobility scenarios. The nonlinear ICI reduction schemes, on the other hand, generally outperform the linear ones, whereas the former is usually much more complex than the latter. For example, the vertical Bell laboratory layered space-time (VBLAST) scheme discussed in [8] [9] [10] [11] is of potential importance for rapidly time-varying channels, where the MMSE and serial interference cancellation (SIC) are integrated; however, the very high computation is required, especially for the systems with large number of subcarriers, such as wireless metropolitan area networks (WMAN) and DVB.
The space alternating generalized expectation maximization (SAGE) algorithm is known as an iterative method with faster convergence rate than the classical expectation maximization (EM) scheme [12] , which is particularly well suited to estimate the superimposed signals in Gaussian noise, providing practical solutions to the problems of the OFDM systems, such as the system synchronization, equalization and channel estimation [13, 14] . Based on the SAGE technique, a lowcomplexity joint data detection and channel equalization scheme for high-mobility OFDM systems, named as SAGE-ST, is presented in [15] , which updates the data sequences in series, according to the order of the increasing signal strength. However, the ICI generated by the signal with the weakest strength is mitigated first, which may lead to the degradation of the system performance, due to the low reliability in the detection of weak signals. In addition, the parameter of the signal strength is not comprehensive to describe the signals and channels.
Integrating the SAGE technique and the ordered SIC (OSIC) algorithm, an improved ICI mitigation scheme, named SAGE-OSIC, is proposed for high mobile OFDM systems, where the subcarriers are updated serially, according to the order of the decreasing signal to interference plus noise ratio (SINR) or signal to noise ratio (SNR). The computational complexity analyses and simulation results indicate that the proposed SAGE-OSIC has much better performance of ICI mitigation than the SAGE-ST, with no increase in the computational complexity, especially for the large Doppler shifts under highmobility conditions.
The rest of the paper is organized as follows. After the description of the system model in Section 2, the proposed SAGE-OSIC is introduced in Section 3. In Section 4, the computational complexity of the proposed scheme is presented, in comparison with that of the SAGE-ST and VBLAST. The simulation results of the proposed SAGE-OSIC are illustrated and compared with those of the SAGE-ST and VBLAST in Section 5. Finally, the conclusion is given in Section 6.
Notations used in this paper are shown in Table 1 . 
System Model
The OFDM system of the proposed SAGE-OSIC is shown in Figure 1 . Let 
where n w is the zero-mean additive white Gaussian noise with variance 0 N . Assuming the perfect synchronization at the receiver, the output of the N-point fast Fourier transform (FFT) after removing the CP is
The equation (3) can also be expressed in matrix form as follows 
and 
f is the maximum Doppler frequency shift and T is the period of one OFDM symbol. Since several algorithms can be employed to obtain the channel impulse response [16] [17] , the channel matrix H is assumed to be known and only ICI mitigation and data detection are discussed.
where m z is adopted as the hidden data, defined in [12] , and m m m
Initialization
The initialization is essential to the convergence for the SAGE algorithm. Like the SAGE-ST scheme, the linear MMSE algorithm is employed to obtain the initial value of the proposed scheme, that is, 2 1 ( )
where 
Iterations
According to the ordering criterion discussed in the next subsection, the N initialized subcarriers are arranged to obtain an ordered vector ŝ . And then these N components in ŝ are updated in series, which is called a procedure with the procedure number q , where 0 q  is corresponded to the initialization. The q th ( 
A. E-step
The aim of the E-step is to compute the conditional expectation of the ( | ) 
and {} p  is the probability density function (PDF). Then the conditional expectation of ( | ) 
, 1
Based on (10), the interference to 
B. M-step
The M-step aims at computing 
Ordering Criteria
In the proposed SAGE-OSIC, the N subcarriers are updated serially in one procedure, involving N iterations. Since the updating order of these N subcarriers is critical for the system performances, an order criterion is required to rank the subcarriers before iterations begin.
For the SAGE-ST scheme, the initialized subcarriers are arranged in order of the increasing signal strength, which means that the subcarrier with the weakest strength is ordered first, denoted as is the m th element of k h . In this way, the ICI generated by the signal with the highest SINR is mitigated first in the iterations. Since the signal with high SINR generally has high reliability of the signal detection, the performance of the SAGE-OSIC improves, compared to that of SAGE-ST. To further reduce the computational complexity, the ICI part in (12) can be ignored, and so the order of the decreasing SNR can be adopted in the proposed scheme, where the SNR of the m th subcarrier is 
Note that there is only one time of ordering after initialization in the proposed SAGE-OSIC, and these ordered subcarriers are updated in the iterations. Hence, the computational complexity reduces greatly, compared to the scheme in [9] , which the ordering of the SINR is required in each subcarrier's updating.
Computational Complexity Analysis
The computational cost for processing each OFDM symbol is evaluated, in terms of complex multiplications (CMs), complex additions (CAs) and complex divisions (CDs).
In the initialization, Table 2 , which can be observed that the computational complexity of the proposed scheme is the same as that of the SAGE-ST, and much lower than that of the VBLAST. 
SAGE-ST, SAGE-OSIC-SINR and SAGE-OSIC-SNR is given in
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Simulation Results
An OFDM system is considered with 64 subcarriers, the length f T  , corresponding to a mobile terminal moving at speeds of 118.4 km/h and 236.8 km/h, respectively. As a reference, the performances of the ZF, MMSE, and VBLAST schemes are also shown in the plots. It is illustrated that the performance of the proposed scheme and SAGE-ST achieves that of the VBLAST scheme, when the SNR is small. As the SNR increases, the performance of the proposed SAGE-OSIC-SINR and SAGE-ST degrade, compared to that of the VBLAST; however, the proposed SAGE-OSIC-SINR has better performance than the SAGE-ST, especially for large normalized Doppler frequency. At the SER of 3 
10
 for 0.1 Figure 3 , for instance, the SNR performance of the proposed SAGE-OSIC-SINR is much better than that of the SAGE-ST, around 40 dB and 37 dB, respectively. When the SER decreases, the proposed SAGE-OSIC-SINR significantly outperforms the SAGE-ST. In addition, both Figure 2 and Figure 3 present that the proposed scheme has outstanding performance, compared to the classical ZF and MMSE schemes.
The SER curves as the function of the SNR for the proposed SAGE-OSIC-SINR and SAGE-ST under different modulation methods are depicted in Figure 4 , for the normalized Doppler frequency 0.1
The performance of the VBLAST is also illustrated as a reference. It is indicated that the proposed SAGE-OSIC-SINR has more excellent performance than the SAGE-ST, as the decrease of the modulation orders. Moreover, the performance of the proposed scheme is closer to that of the VBLAST scheme, when the modulation orders increase. 
Conclusion
Integrating the SAGE and OSIC techniques, an improved low-complexity ICI mitigation scheme, called SAGE-OSIC, is proposed for high-mobility OFDM systems, where the subcarriers are updated in series, in order of decreasing SINR or SNR. Computational complexity analyses and simulation results illustrate that the proposed SAGE-OSIC scheme significantly outperforms the SAGE-ST, with the same computational complexity, especially for the large Doppler shifts in highly mobile environments. In addition, the performance of the proposed SAGE-OSIC is close to that of the VBLAST scheme, which requires very high computational complexity.
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